The influence of a non-ionic surfactant on the adsorption behaviour of alkylphenols onto bentonite was studied via measurements of their adsorption isotherms in the absence and presence of various concentrations of the surfactant. Irrespective of the presence of the surfactant, the alkylphenols were always adsorbed by the same mechanism. However, on adding the nonionic surfactant TX100 to the medium, the adsorption properties were modified in a manner which depended on the alkyl chain length of the alkylphenol molecule. The longer the chain length, the weaker the influence of the TX100 surface aggregates on the adsorption behaviour. In terms of the relative hydrophobicity of these molecules, this behaviour is unexpected. However, it may be due in part to the adsorbing properties of the alkylphenols that are capable of self-aggregating at the bentonite/water interface and in part to the limited swelling capacity of the TX100 micelles or surface micelles. Partition coefficients between aqueous solution and surface aggregates were determined and compared with those calculated for the bulk micelles.
INTRODUCTION
Every year, tonnes of non-ionic surfactants are produced in Europe. Some of these are of the polyethoxyalkylphenol type which are biodegradable in water to yield phenol and alkylphenol compounds. These products are persistent and toxic; indeed, in some cases, e.g. the nonylphenol, they are considered as endocrine disrupters (Naim et al. 1994; Claisse and Alzieu 1993; Cocchieri et al. 1993; Smith and Jaffe 1994; Ginsberg 1994) . As such, they may affect the reproductive capacity of both animals and human beings. It is therefore important to understand how alkylphenol compounds are fixed by soil components and how they migrate. Because most alkylphenols have a very low solubility, it may be possible to enhance their fixation onto soil components as well as their transportation in underground water by co-adsorbing them with their parent molecules, i.e. non-ionic surfactants. This is the purpose of the present study, with phenol, p-methylphenol, p-propylphenol and p-nonylphenol being employed as test molecules.
Many studies have demonstrated that surfactant micelles greatly enhance the apparent solubility of hydrophobic organic compounds in water (Abdul et al. 1990; Fountain et al. 1991; Pennell et al. 1993 Pennell et al. , 1994 Shiau et al. 1994) . Localization of the solubilized molecule in the micelle may depend on such factors as the type of surfactant head (ionic or non-ionic) and the alkyl chain length, as well as the shape of the surfactant aggregate (e.g. spherical, rod or bilayer) (Benalla et al. 2002) . For a given surfactant/solid couple and constant conditions of pH, ionic strength and temperature, the shape and the extent of these aggregates depend on the equilibrium concentration of the surfactant (Cases and Villieras 1992). Many types of aggregate have been proposed in the past (surface micelles, hemicylinders, bilayers, etc.) but only a few of these have really been observed [for example, by atomic force microscopy (Manne et al. 1994) ]. Surface surfactant aggregates may solubilize hydrophobic molecules in a similar manner to bulk micelles (Klumpp and Schwuger 1997) , thereby leading to an apparent enhancement of the amount of solute adsorbed when a surfactant molecule is present in the system. Partition coefficients have been measured in the present study. Thus, the adsorption of a set of alkylphenols from aqueous solution onto bentonite was first studied, following which their adsorption was studied in the presence of a non-ionic surfactant of the alkylphenol polyethoxy type. All the adsorption isotherms were determined by the solution-depletion method. Evidence for intermolecular interactions was adduced from the co-adsorption isotherms, but complementary information was also obtained from the effect of the alkylphenol concentration on the critical micelle concentration (CMC) of the surfactant.
MATERIALS AND METHODS
Non-ionicsurfactantsoftheTritonset(TX100)asprovidedbyRohm&Haascontain>99%ofsurface-active compounds. TX100 is a p-teroctylbenzene polyethoxy surfactant with a polydisperse polyethoxy chain possessing an average of 9.5 ethoxy units. Its critical micelle concentration is 0.27 mmol/l. Phenol was provided byAldrich with a purity greater than 99%. The alkylphenols (p-methyl, p-propyl and p-nonyl) were provided byAldrich and all had purities higher than 99%. The solubilities ofthesemoleculesinwaterarelistedinTable1,togetherwiththeiroctanol/waterpartitioncoefficients.
The bentonite employed was a Tunisian sample which had a surface area in solution of 900 m 2 /g, as determined by applying the copper ethylenediamine adsorption isotherm at 25ºC (Gasmi et al. 2000) .
Adsorption isotherms were determined by the solution-depletion method. Thus, solutions of known concentration were placed together with the adsorbent into tubes of 20 ml volume which were then stoppered. These tubes were then shaken for 24 h to enable the contents to equilibrate, after which the contents were centrifuged and the supernatant analyzed. In studies of the adsorption of a single molecule (either phenol or surfactant), the equilibrium concentration was determined by UV spectroscopy. However, the following procedure was used for alkylphenol/ surfactant mixtures. The total content of benzene functions in the medium was detected by UV absorption measurements, whereas the concentration of phenol functions was derived from a specific reaction with the Folin Ciocalteu reagent (Charrier et al. 1992; Ben Nasr et al. 1996) . The surfactant concentration was then determined by subtraction. For such measurements, 0.5 ml of the supernatant reagent was mixed with 2.5 ml of the Folin Ciocalteu solution (0.1 mol/l) containing 75 g/l Na 2 CO 3 . The mixture was heated for 8 min at 50ºC and then quickly quenched in ice for 3 min. The concentration of the complex thus formed was estimated by visible spectroscopy at 760 nm using previously constructed calibration curves. A check was also made to ensure that the presence of the surfactant had no influence on the titrations of the alkylphenols employed. Surface tensions were determined via a Du Nouy ring attached to a laboratory balance (sensitivity 10 µg). The CMC values of the alkylphenol/surfactant mixtures were deduced from the break in the surface tension versus log-surfactant concentration curves at constant alkylphenol concentration. All experiments were undertaken at 25ºC and a pH value of 6.
RESULTS AND DISCUSSION
Like alcohol, phenol is only weakly adsorbed by oxide surfaces (McBride 1987) since such surfaces adsorb water preferentially. The adsorption isotherms of phenol and alkylphenols onto bentonite are presented in Figure 1 . It will be seen from the figure that the adsorption of phenol onto the bentonite surface was weak -in accordance with the above statement -with a surface concentration at the plateau value of 0.09 µmol/m 2 . The adsorption isotherm is L-shaped (Langmuir type). This means that only a limited number of adsorbing surface sites were available to the phenol molecule and that no lateral interaction occurred between the adsorbed molecules.
The behaviours of the alkylphenols were totally different. As seen from the figure, they all exhibited S-shaped adsorption isotherms that were very similar in shape to surfactant adsorption isotherms [see, for example, the adsorption isotherm of TX100 onto silica or kaolinite (Nevskaia et al. 1996 (Nevskaia et al. , 1998 Levitz 2002) . Each isotherm presented a clear plateau corresponding to a surface concentration that was substantially greater than that with phenol. This behaviour may be indicative of alkylphenol aggregation at the interface, in a similar manner to the behaviour of surfactants. However, these molecules cannot be considered as surfactants (Bix et al. 2001 ) since the unfavourable size ratio of the hydrophilic and hydrophobic parts of the molecule prevent alkylphenols from forming micelles.
Special attention should be drawn to the case of p-nonylphenol. From the scale of Figure 1 , it is clear that the adsorption isotherm was determined over a range of apparent concentrations much larger than the solubility limit, viz. 2.2 × 10 -5 mol/l (Bix et al. 2001) . In fact, it was possible to prepare nonylphenol solutions that were well dispersed but cloudy over this range of concentration, thereby indicating that there were two phases in the system. The presence of such an interface may also favour the accumulation of hydrophobic molecules (Mear et al. 1996; Mear and Privat 1998) .
The adsorption isotherms of alkylphenols in the presence of TX100 are plotted in Figure 2 together with the evolution of the surface concentration of TX100. It will be seen from the figure that, depending on the length of the alkyl chain, the shapes of the adsorption isotherms were modified differently by the presence of the non-ionic surfactant. Indeed, the isotherm for p-propylphenol was influenced most strongly by the presence of TX100, with the initial slope being increased substantially. With p-methylphenol, although the initial slope was also increased, the "step" in the isotherm appeared at a lower concentration and the plateau height was clearly increased. Finally, for p-nonylphenol, the "step" appeared at a higher concentration and a clear increase in the plateau surface concentration was observed.
The data show a clear trend: the longer the alkyl chain, the greater the solute surface concentration in the absence of surfactant, whereas the increase in the solute surface concentration was lower in the presence of surfactant. It means that the adsolubilization efficiency was inversely proportional to the hydrophobic character of the molecules (as defined by their octanol/water partition coefficients listed in Table 1 ). This is the reverse of what is generally observed (Edwards et al. 1991; Nayyar et al. 1994; Bury et al. 1998 ). This could have been due to a size effect since surface aggregates, as well as micelles, cannot swell indefinitely.
Another way to study the interaction between a hydrophobic solute and a surfactant molecule is to check its influence on the critical micelle concentration (CMC). The CMC values as determined from surface tension measurements are presented in Table 2 of the solute concentration at which the CMC was determined. It will be noted that the decrease in the CMC value due to the presence of solute was in the order of the hydrophobicity. The water/micelle and water/admicelle partition coefficients have been measured in order to compare the co-adsorption mechanism with the solubilization in micelles. The partition coefficient of a solute between an aqueous solution and the surface aggregates can be written on a mole fraction basis as:
( 1) where X adm is the mole fraction of solute inside the surface aggregates and X aq is the corresponding mole fraction in the aqueous solution. The magnitude of X adm can be calculated from the surface concentrations of alkylphenol (Γ alkylphenol ) and the surfactant (Γ surfactant ) via the equation: (2) while X aq may be deduced from the equilibrium concentration of the alkylphenol, C eq , via the relationship: (3) In contrast, the micelle water partition coefficient is not readily determined. Equations have been proposed for determining this partition coefficient from the shift in the CMC value of the surfactant due to the hydrophobic solute. However, such methods give results that can differ from the experimental values (Abu-Hamdiyyah 1986; Shah et al. 1995) . On a mole fraction basis, the partition coefficient derived from the CMC shift is given by the equation (Abu-Hamdiyyah 1986): (4) where ∆CMC is the CMC shift for a given variation in the solute concentration, ∆C eq , θ is a parameter characteristic of the solute/surfactant pair and CMC 0 is the surfactant CMC in the absence of solute. The results of the calculated partition coefficients are listed in Table 2 . As often observed, the partition coefficients listed for admicelles are higher than those for micelles, with the exception of nonylphenol. What is unexpected is the decrease in the magnitude of K adm as a function of the alkyl chain length. This suggests that the surface micelles are less efficient in solubilizing the largest molecules than the bulk micelles. It is possible that the surface exerts a constraint on the surface aggregates that prevents them from swelling as freely as the bulk micelles.
CONCLUSIONS
Alkylphenols can be adsorbed by bentonite via a mechanism that is close to that for surfactants. If a non-ionic surfactant is added to the aqueous medium, the adsorbing properties are modified in a manner which depends on the alkyl chain length. The longer the alkyl chain length of the alkylphenol derivatives, the lower is the influence of TX100 surface aggregates on their adsorption behaviour. The total capacity is increased in all cases. In terms of the relative hydrophobicity of the molecules, this behaviour is unexpected. It may be due, in part, to the adsorbing properties of the alkylphenols that are capable of self-aggregation at the bentonite/water interface and, in part, to the limited swelling capacity of the TX100 surface micelles.
